Introduction
Therapeutic polyketide and non-ribosomal peptide natural products have been invaluable for the treatment of a variety of diseases including bacterial infections (e.g., erythromycin and vancomycin), cancer (e.g., epothilione and bleomycin), and immunosuppression (e.g., rapamycin and 1 3 peptides are constructed from a variety of amino acids by non-ribosomal peptide synthases (NRPSs) (Fig. 2b) . Three primary domains are also present: the adenylation (A), peptidyl carrier protein (PCP), and condensation (C) domains as well as a variety of additional tailoring domains (e.g., cyclization, oxidation, reduction, methylation, epimerization) [131] .
Additional structural diversity is afforded by mixing PKSs and NRPSs to form hybrid assembly lines such as the zwittermicin synthase [10, 36] . Polyketides and nonribosomal peptides can be further modified by a variety of post-assembly line tailoring enzymes such as P450s [104] , glycosyltransferases [137] , halogenases [14] , and methyltransferases [115] . Accordingly, there is an abundance of natural product structural diversity afforded by assembly lines and associated tailoring machinery. Nevertheless, natural products often require further chemical modification in order to improve biological activity and to modulate pharmacological properties. In an effort to diversify the products of polyketide and non-ribosomal peptide assembly lines, a variety of approaches involving metabolic engineering, protein engineering, and combinatorial biosynthesis have been explored. Notable examples aside, the ability to leverage the potential modularity of these systems by domain and module swapping to produce 'non-natural' natural products has been met with limited success. Often, chimeric assembly lines produce the desired analogue in much lower titers than the wild-type machinery [39, 50, 89, 109] . More recently, new strategies in synthetic biology and enzyme engineering are being developed to address limitations to the scope and utility of chimeric assembly lines. Here, we review recent structural advances related to PKS and NRPS assembly lines that highlight the difficulties associated with 'traditional' chimera design and combinatorial biosynthesis. Then, we review current engineering efforts that leverage promiscuity of individual assembly line components and discuss future perspectives related to this area. For brevity, we will focus on engineering the assembly lines themselves and not discuss aspects that involve post-assembly tailoring. Natural product diversification strategies that utilize post-PKS/NRPS tailoring functions have been superbly reviewed elsewhere [40, 78, 102, 115] .
Structural and mechanistic studies: implications for assembly line synthetic biology Domain structures
Probing and elucidating the molecular architecture of natural product assembly lines is crucial to understanding the Module 'n' shows the minimal domains that are required by most PKS modules. Module 'n + 1' includes a full complement of reductive domains. Typical starter and extender units are shown, along with an example of a polyketide produced by a type I PKS. b Modular NRPS organization. Module 'n' shows the minimal domains that are required by each NRPS module. Module 'n + 1' includes additional domains that are often included. Typical starter and extender units are shown, along with an example of a non-ribosomal peptide natural product potential modularity of individual domains and modules from PKSs and NRPSs. The bulk of early structural information has been elucidated from excised domains, module fragments, or discrete trans-acting enzymes. Crystal structures are available for a variety of PKS domains [66] , including ketosynthases [41] , trans-acting acyltransferases [140] , KS-AT didomains [120, 121] , ketoreductases [41] , an enoyl-isomerase [42] , ACPs [27] , and linker domains [16] . These structures have provided insight into the mechanism and specificity of individual biosynthetic steps. For example, the crystal structure of a ketoreductase from the erythromycin PKS was used to understand and predict the stereochemical outcome of the keto-reduction [5] . Important residues were identified that could flip the stereochemical reduction of small thioesters. Unfortunately, the change in stereochemistry caused shunting or complete inactivation of chain elongation [77] . In a similar fashion, NRPS domains have also been well characterized [65, 69, 84, 122] . The A-domain has been the most studied, with the full catalytic cycle mapped out [152] . While the structure elucidation of individual domains has helped understand individual steps [9] , rational reprogramming of the substrate specificity of individual domains has still been somewhat limited.
Assembly line architecture
The sheer sizes of PKS and NRPS assembly lines and requisite dynamics have not permitted the wide availability of complete module crystal structures. To date, the only crystal structure of a complete PKS/NRPS natural product assembly line module is that of the 144 kDa NRPS SrfA-C, which encodes the terminal module of surfactin biosynthesis in Bacillus subtilis [122] . More recently, several alternative biophysical techniques have emerged as powerful tools to determine the structure and dynamics of assembly lines. Most notably, Skiniotis, Smith, Sherman and coworkers described the use of single-particle cryo-electron microscopy (cryoEM) to infer the structure of the 330 kDa PKS module PikAIII from the pikromycin PKS assembly line [33, 135] . This breathtaking achievement afforded several surprises and notable features with significant implications for assembly line synthetic biology [134] . Firstly, the PikAIII subunits were arranged as a symmetrical dimer as anticipated [113] , but unlike previous models [154] the dimer formed a closed arch that resulted in a single reaction chamber. Secondly, the mode of interaction between a PikAIII chimera designed to mimic in trans chain transfer from the preceding module was different from that predicted by earlier analyses [64] . Thirdly, various observations suggested that the ACP phosphopantetheine and tethered intermediate make significant contributions to docking of the ACP during each step of reaction cycle. Finally, at least seven unique functional states were observed, each involving distinct interfaces with other PikAIII domains. Presently, however, it is unclear whether the PikAIII structure should be adopted as a general model for modular PKSs given a number of discrepancies compared to earlier biochemical studies, including the recently reported lowresolution small-angle X-ray scattering (SAXS) structure of the 6-deoxyerythronolide B synthase (DEBS) module 3-TE [35] . For example, the arch-shaped arrangement of PikAIII orientates the active site of each domain towards the inside of the chamber. In this way, the configuration of the KS and AT are different from that observed in the DEBS KS-AT didomain crystal structures [120, 121] and the SAXS DEBS module-3-TE structure. Additionally, how fewer or additional reductive domains might impact this architecture is not known. Moreover, the PikAIII structure implicates a hitherto unidentified active site entrance to the KS and is postulated to recruit the methylmalonyl-ACP extension unit. However, it is not obvious how insertion of the extender unit via this 'bottom' entrance could lead to decarboxylation, given the associated machinery appears to bypassed via this route. Regardless, cumulatively this new structural insight reveals a remarkably complex model of assembly line catalysis in type I PKSs. Future studies will establish whether this collective insight will be sufficient to improve the efficiency and outcome of combinatorial biosynthesis approaches that recombine different PKS components. Perhaps overcoming the incredible complexity of these assembly lines will require evolutionary approaches that rely on testing the function of large PKS libraries for various improved activities.
Chemical tools for probing protein-protein interactions
The complex protein-protein interactions orchestrated by natural product assembly lines remain poorly understood, even in light of recent structural advances that capture intact modules. In an effort to understand these often weak and transient interactions in the absence of traditional biophysical data, a variety of techniques, including the design of chemical probes have been developed.
One of the most widely used approaches for understanding intramodular (within the same module) interactions is structure-based dissociation [21] . With this strategy, individual domains are excised at the genetic level, purified, and reconstituted in vitro. This technique is ideal for investigating mutational alterations and domain swapping interactions. This strategy almost always involves the carrier protein, since it is the centerpiece of every intramodular interaction. In an effort to understand non-cognate interactions, chimeric ACPs have been generated and tested in vitro [63] . Mechanism-based crosslinkers have proven popular tools to probe various intramodular interactions between the ACP/PCP and other components including domains from NRPSs, fatty acid synthases (FASs) and fungal non-reducing PKSs [58, 87] . For example, unnatural phosphopantetheine analogues modified with chemical handles for crosslinking have been successfully used to investigate ACP protein-protein interactions to better understand the protein interactions involved with chain elongation (Fig. 3a) [141, 143] . The efficiency of mechanism-based crosslinking to the KS usually correlates with the strength of the ACP:KS interaction [142] . Moreover, this approach has been used to identify key interactions and set the stage for investigating the utility of such interfaces for combinatorial biosynthesis. More recently, similar mechanism-based crosslinking approaches have been used to provide the crystal structure of crosslinked AcpP and dehydratase from fatty acid biosynthesis [59, 99] . This work provided a dynamic view of the FAS carrier protein in action during fatty acid dehydration.
Other strategies for probing protein interactions in assembly lines have also leveraged chemical principles. For example, benzophenone has been site-specifically installed into carrier proteins via amber suppression technology and has been used to probe KS-ACP interactions by photocrosslinking and quantification of the crosslinked species ( Fig. 3b) [149] . In combination with surface scanning mutagenesis, this strategy has been used to map an ACP:KS binding interface [151] . Additionally, unnatural extender units modified with 'click chemistry' handles have been used to probe protein-protein interactions. For example, using an azidoethylmalonyl-CoA extender unit in combination with alanine scanning mutagenesis and chimeragenesis, Williams and colleagues mapped the interface between the promiscuous trans-AT KirCII and its cognate ACP from the kirromycin PKS assembly line (Fig. 3c) [150] . Remarkably, the information acquired from this strategy allowed for a non-cognate ACP from the kirromycin assembly line to be converted into a good substrate for KirCII via a single rational amino acid substitution.
Increasingly, the structural analysis of NRPSs has also benefited from chemical approaches. For example, vinyl sulfonamide adenylate analogues have been employed to lock the catalytic conformation of A-PCP domains in order to access their crystallographic structures (Fig. 3d) [118] . The structural insight from this approach proved sufficient to identify mutations that improved activity with non-native partner proteins, although it remains to be seen whether these function in vivo or if this approach could enable a new generation of analogues. In a notable advance, Schmeing and coworkers recently developed a strategy based on an engineered disulfide cross-link to isolate the thio-esterification complex of a PCP domain bound to its cognate A-domain [123] . In this way, the covalent link between the thiol-aminoacyl-PCP and A-domain physically locks the two domains together, limiting conformational flexibility. The short time required for this crosslinking process and the ease of installation might be advantageous in applying this strategy to a broad range of target NRPS didomains or perhaps even complete modules.
Efforts aimed at understanding and manipulating intermodular protein interactions have focused on docking domains, which are responsible for proper docking and inter-polypeptide chain transfer during catalysis by PKS and NRPS assembly lines. Early attempts at leveraging PKS docking domains for combinatorial biosynthesis yielded mixed results, even between modules of the same system [92, 147] . In some cases, the use of matched docking domains can support transfer of chain elongation intermediates between modules that do not natively associate [88, 89] . Recently, a new type of inter-module linker was discovered from cyanobacteria [136] . Remarkably, these class 2 docking domains were shown to support robust transfer of chain elongation intermediates between heterologous modules. Matched docking domains have also enabled dissection of multimodular PKS polypeptides into functional monomodules, albeit with decreased titers of the final polyketide product [147] . Docking domains have also been replaced with shorter intraprotein linkers in efforts to produce functional fusion proteins, with mixed results [107, 111] . In NRPSs the linkers are referred to as communication mediation domains (COM). These domains have been much more malleable than PKS linkers and have proven to be highly interchangeable [24, 47, 48] . Chemical crosslinkers have also been used to study NRPS modulemodule interactions. For example, azide and alkyne functionalized probes were used to assay NRPS COM domains via "click" reactions [57] . Structure-based dissociation can also be used to investigate inter-modular protein interactions. Trifluoromethylation of CoASH led to the installation of the phosphopantetheine onto ACP2 of DEBS to afford a holo-analogue of ACP2 [20] . This blocked version was then used in combination with acylated [KS3][AT3] from DEBS to probe the interaction with ACP2 by NMR. Further understanding of the ACP-KS:AT interaction allowed assembly line reprogramming to include an iterative chain elongation [64] . Overall, fully understanding the molecular basis of module-module interactions remains elusive and poses a significant challenge for rationally reprogramming modular assembly lines.
Promiscuity and engineering of PKS/NRPS assembly lines

Overview of approaches
The large nature of type I PKSs and NRPSs, poor understanding of protein dynamics, and complex protein-protein interactions have hindered attempts to reprogram natural product assembly lines by domain and module swapping. Consequently, a degree of ingenuity and creativity has been required to generate new polyketide and non-ribosomal peptide analogues. Cumulatively, a variety of strategies including precursor-directed, mutasynthesis, combinatorial biosynthesis or some combination thereof have been explored (Fig. 4) . Rather than designing chimeric assembly lines for the production of 'non-natural' natural products, notable emerging successes in this area have leveraged the promiscuity of assembly line components either directly or as a platform for enzyme redesign, and this will be the focus of this section. In terms of assembly line enzymology, diversification strategies typically focus on three aspects: selection and installation of new starter and extender units, assembly line tailoring, and macrocyclization.
Starter and extender units
PKS loading domains have been a popular target for diversification [93] , presumably because there is a single module responsible for installation of the activated monocarboxylic acid that is inherently orthogonal to the extension modules. In addition, several loading modules exhibit relaxed specificity for the loading unit, a feature that can be easily leveraged by precursor-directed biosynthesis and mutasynthesis. For example, the natural function of the avermectin loading domain AT is to install 2-methylbutyryl-CoA or isobutyryl-CoA to provide the A and B series of avermectins, respectively. Remarkably, this loading domain is sufficiently promiscuous to furnish over 40 avermectin derivatives via feeding the corresponding carboxylic acids to a mutant producing strain [34] . Moreover, substitution of the erythromycin PKS loading domain with that of avermectin leads to generation of the expected analogues [52] . Several other loading domains have more recently shown similar substrate promiscuity [44, 56, 94] . A KS1 null strain of DEBS has been used to diversify starter units in addition to modifying other positions in erythromycin [60] . This mutasynthesis approach has afforded analogues modified with various non-natural alkyl substituents, in addition to fluoro, azido, and alkynl derivatives [4, 43] . More recently, this approach was applied in E. coli and coupled with a colony bioassay and resulted in the identification of 15-propargyl erythromycin A [51] . This analogue is equipotent as erythromycin A and could be rapidly diversifying via 'click chemistry'. Intriguingly, molecular docking studies suggest that the terminal acetylene binds in a different orientation to the ribosome exit tunnel, as compared to erythromycin A. In addition, a single amino acid mutation in the avermectin loading domain was sufficient to shift the specificity towards non-native acyl-SNAC substrates, at least as judged by enzymatic hydrolysis of the thioester [132] . However, the loss of catalytic efficiency towards the native substrate was largely responsible for this specificity change, and it remains to be seen whether genuine improvements in activity towards non-native or non-natural starter units can be achieved by single amino acid mutations.
Early efforts to incorporate different extender units into polyketides focused on domain swapping. Of these examples, most were only able to swap the two most common extender units, malonyl-CoA and methylmalonyl-CoA. Besides the limited extender unit functionality, titers of the final products were severely reduced [32] . One recent notable example of effective AT-swapping produced 24-desmethylrifamycin, which showed excellent activity against rifamycin-resistant strains of M. tuberculosis and was produced in good yield [101] . Though most polyketides are constructed from malonyl-CoA and methylmalonyl-CoA, a modest variety of chemical functionality is also available, including extender units modified at the C2 position with various alkyl chains, amines, hydroxyls, and halogens [18, 138] . Many of the more unusual extender units are biosynthesized using crotonyl-CoA reductase (CCR) or ACPlinked pathways (Fig. 5a ). Some of these extender units require multistep enzymatic reactions that are not easy to manipulate. Nevertheless, several CCRs have shown to be quite flexible towards alternative unsaturated carboxylic acid precursors. Moreover, the associated ATs also seem to be promiscuous and this has led to the generation of polyketide analogues with modest structural changes (Fig. 5a ) [37] . Notably, some atypical extender units are generated by dedicated modules that resemble type I/type II PKSs. By knocking out part of such a pathway for allymalonylCoA biosynthesis in the FK506 producer and by feeding in a series of carboxylic acids, several novel FK506 analogues were generated [91] . Remarkably, by combining enzymatic machinery from the FK506 producer allylmalonyl-CoA pathway with that from the isobutyrylmalonyl-CoA pathway of the ansalactam producer, a hybrid pathway for isobutenylmlonyl-CoA was created to afford the corresponding 36-methyl-FK506 analogue (Fig. 5a) [79] . Recently, a de novo pathway for extender units functionalized with terminal alkynes and alkenes was described and was utilized to generate analogues of antimycin (Fig. 5b) [156] , the biosynthesis of which involves a single PKS extension module. Coupling this novel extender generation system to other PKSs will likely require engineering the specificity of target ATs. Interestingly, a biosynthetic pathway for aromatic extender unit acyl-CoAs from amino acids was recently elucidated and used to target a promiscuous AT domain in the splenocin PKS (Fig. 5c) [19] .
To complement lengthy, complex, and specialized extender unit pathways, chemically synthesized N-acetylcysteamine (SNAC) analogues or biosynthesized malonylCoA analogues offer the ability to provide highly diverse extender units. Similarly to specialized biosynthetic pathways, these strategies also offer the potential to generate polyketide analogues in situ that are modified with "click" handles. For example, a variety of extender units have been provided as the SNAC thioester and installed into several polyketide natural products by feeding these cell-permeable substrates into producing organisms and utilizing inherent extender unit promiscuity of PKSs via precursor-directed biosynthesis [12, 117, 148] . Alternatively, structure-guided mutagenesis, driven by the recently described MatB crystal structure [55] , has afforded malonyl-CoA synthetase mutants with broad specificity and provide a facile route to non-natural and non-native extender units, including those modified with such chemical handles for 'click chemistry' (Fig. 5d) [71, 73] . Interestingly, the promiscuity of the terminal extension module of DEBS was sufficient to utilize a total of nine non-native and non-natural extender units provided by an engineered synthetase [72] . Notably, wild-type malonyl-CoA synthetase was demonstrated to provide the non-natural extender unit fluoromalonyl-CoA, albeit poorly [130] . Subsequently, the halogenated building block was incorporated into a simple diketide by NphT7 and reduced by PhaB. Moreover, fluoromalonyl-CoA was utilized by the terminal extension module of DEBS, and by a bimodular DEBS system when complemented with a malonyl-CoA specific trans-AT domain to afford triketide pyrones and tetraketide lactones, respectively [130] . Other approaches that rely on trans-ATs are limited by the inherent stringent specificity towards malonyl-CoA. The remarkable extender unit promiscuity of the kirromycin trans-AT KirCII [71] might be leveraged to generate a wider range of analogues.
Combinatorial biosynthesis strategies have been quite successful using NRPSs [108, 109] , especially with cyclic lipopeptide antibiotic pathways such as daptomycin and A54145. A combination of gene deletions and module swapping was successful in generating over 40 lipopeptides, some of which displayed improved resistance to inhibition by bovine surfactant [6, 100] . In particular, deletion of genes involved in the biosynthesis of non-proteinogenic amino acids has proven effective at generating lipopeptide analogues in good yields [2] . Nevertheless, precursordirected approaches have also been used to leverage the building bock promiscuity of NRPSs. For example, bicyclic amino acids were fed into the sansamycin Streptomyces producing strain, affording a unique analogue with a eightfold lower MIC against M. tuberculosis [145] . Similarly, pacidamycin biosynthetic machinery was sufficiently promiscuous to generate new derivatives in better yields than the natural pacidamycin simply by feeding tryptophan analogues to the producing strain [46] . Additionally, by relying on the promiscuity of a cyclooligomer depsipeptide synthase, a library of beauvericins has been generated in a 1 3 knock-out strain of Beauveria bassiana and by whole cell biocatalysis in E. coli [85] .
Rather than applying mutasynthesis by simply deleting biosynthetic functions, several applications are emerging that aim to utilize point mutations to direct the installation of non-natural and non-native extender units. For example, Shultz and coworkers used molecular dynamic simulations to predict a point mutation in the terminal extension module of DEBS that could shift specificity towards propargylmalonyl-thioesters [117] . Indeed, this enzyme-directed mutasynthesis approach led to production of 2-propargyl erythromycin in S. erythraea, although the specificity and product yield of the mutant could not be quantified. In contrast, Williams and colleagues have characterized a series of mutations to the DEBS terminal module that dramatically shift specificity towards non-natural and non-native extender units, enabling the in vitro generation of regioselectively modified macrolactones by utilizing chemically synthesized chain elongation intermediates (Koryakina I, Sherman DH, Williams GJ et al., unpublished results). In principle, these minimally invasive approaches to engineering PKS AT domains could overcome the poor yields often associated with AT-swapping studies. Ultimately though, more sterically or stereoelectronically challenging extender units might require engineering other PKS domains, in addition to the AT. The relatively modest structural differences between various extender units naturally available to PKSs have likely resulted in the distribution of subtle specificity determinants across a large number of AT residues. Subsequently, although various AT motifs can be used to predict extender unit specificity quite well, these motifs have yet to be utilized in the same efficiency that NRPS A-domain specificity codes have.
In cases where the inherent substrate promiscuity is insufficient, or where more distantly related non-native substrates are targeted, the amino acid specificity code [17, 112] of NRPS A-domains has been utilized in minimally invasive engineering efforts [49] . For example, while the natural substrates for module 10 of the calciumdependent antibiotic (CDA) NRPS are glutamic acid and (2S,3R)-3-methylglutamic acid, a single amino acid mutation was sufficient to generate a novel glutamine-containing CDA analogue in addition to another that included the synthetic non-natural amino acid, (2S,3R)-3-methyl glutamine (Fig. 6) [126] . Similarly, guided by comparative in silico analysis of the specificity-conferring code of various NRPS A-domains, single and double point mutations were designed to engineer the amino acid specificity of the luminmide NPRS [8] . These mutations were introduced into the NRPS gene directly by recombineering in E. coli, resulting in the production of the desired analogues. A single amino acid mutation in the phenylalanine-specific A-domain of the gramicidin S NRPS resulted in a 10 5 -fold switch in substrate specificity towards non-natural aromatic amino acids functionalized with azide and alkyne groups, without loss of catalytic efficiency [75] . In a relatively rare example of assembly line directed evolution, the A-domain of tyrocidine synthetase 1 (TycA) was subjected to combinatorial active site mutagenesis and high-throughput screening [128] . Whereas the preferred substrate of TycA A-domain is l-phenylalanine [129] , the very weak promiscuous activity of the wild-type enzyme towards lAla was enhanced 170-fold and the specificity (l-Ala vs. l-Phe) shifted by 10 5 -fold. Notably, high-throughput LC-MS/MS was used to screen a library of admK mutants from the andrimid NRPS [38] . By carrying out screening directly in the producing organism, and by searching for novel structures rather than bioactivity, several mutants were identified that supported production of new andrimid analogues. Additionally, a yeast surface display strategy based on affinity binding with bisubstrate analogue probes was employed to identify A-domain mutants of DhbE that Fig. 6 Engineering the extender unit specificity of the CDA NRPS. Mutation of lysine 278 to glutamine shifts the specificity of CdaPS3 from 3-methylglutamate/glutamate to 3-methylglutamine/glutamine, with the 3-methyl derivative being preferred. A glycine-3-methylglutamine dipeptide precursor is proteolyzed during fermentation to provide the source of 3-methylglutamine. Coupled with a host mutation, the precursor and Lys278Glu mutation furnish a novel product, CDA-10mGln displayed improvements in specificity towards several non-natural substrates [153] . The incredible throughput of this approach was leveraged by fully randomizing four active site residues, providing a theoretical library size of 1.6 × 10 5 . As might be expected, the best mutants were improved in terms of K m s with the non-native substrates. Recently, several examples have emerged that leveraged NRPS subdomains to engineer significant changes in specificity towards substrates very different from the native amino acids [28, 74] . Computational structure-based redesign of A-domain specificity has also been reported [22] .
Other assembly line modifications
Both PKS and NRPS assembly lines can contain a variety of optional domains for inline tailoring of the growing natural product chain. Most of the focus has been directed at the reductive domains through either domain swapping or mutagenesis. Whole PKS reductive loops have been successfully swapped to alter the stereochemical outcome of a truncated product from a bimodular PKS [3, 67] . Using similar bimodular PKSs for screening, site-directed mutagenesis of the amphotericin ketoreductase afforded a change in stereochemistry [155] . In all cases the yields of the desired products varied, which is possibly due to the reduced catalytic efficiency of the altered KR. A reductive domain of an NRPS was also targeted for mutagenesis. Using the crystal structure of the terminal reductase domain from the myxalamide pathway, rational mutations were made to the active site, which improved the wild-type activity [7] . Interestingly, the mutations improved activity toward several non-natural alcohols several fold. Other domains, such as the methyltransferase (MT) domain, have potential to diversify assembly line natural products. For example, Tang and coworkers were able to install an alkyne moiety onto chaetoviridin via an unnatural selenium S-adenosyl-l-methionine mimic [139] . This strategy has the potential to install new chemical diversity in other MTcontaining assembly lines.
Macrocyclization
The bioactivity of many polyketides and non-ribosomal peptides depends on post-assembly line macrocyclization, which is often catalyzed by a C-terminal thioesterase domain (TE) or condensation-like domain (C T ) [54, 70] . Though the structure and mechanism of several TEs have been determined [15] , and a potential high-throughput screen is available for at least one NRPS TE [45] , no progress has been made with respect to engineering these enzymes. This is perhaps related to the difficulty of accessing precursors that can be used to probe the specificity of TEs. In addition, a wealth of in vivo and in vitro data suggests a complex and varied picture of substrate specificity and requirements for macrocyclization that depend on the type of TE [54] . Further insight and engineering of TEs could lead to new strategies for cyclizing new or altered polyketides and non-ribosomal peptide scaffolds.
Future perspectives
Approaches that rely on substrate promiscuity of assembly line components as a platform for precursor-directed biosynthesis and mutagenesis are gaining prominence over approaches that involve chimera design. Regardless of the overall approach taken to engineer assembly lines, three broad areas of focus are likely to impact our ability to engineer the activity and specificity of PKSs and NRPSs.
Firstly, the discovery of novel natural products and associated biosynthetic machinery through genome mining and metagenomics is likely to play a significant role. Bioinformatics platforms such as antiSMASH allow for natural product structures to be easily predicted from genome sequences [133] . The large number of microbes that cannot be cultured has motivated advances in metagenomics [11, 90] and activity-based screening [124, 125] . These approaches and others offer the potential to discover assembly line parts with useful substrate promiscuity or orthogonal specificities, or even parts with new catalytic mechanisms and chemistry [13, 83, 106] .
Secondly, tools and techniques from synthetic biology need to continue to be applied to natural product assembly lines [68] . For example, combinatorial gene cluster refactoring [110] and gene assembly methods could provide simple plug-and-play devices [86, 146] to rapidly generate mutant or hybrid assembly lines [89] . Inspiration for these approaches may come from examples of the rationally redesigned aureothin pathway to produce luteoreticulin [116] . Further, heterologous hosts could be developed as platforms for production of natural products using engineered assembly lines [82] . Genome editing technologies such as CRISPR-Cas9 will enable fast and efficient engineering of host strains [25, 127] .
Thirdly, new strategies for engineering the activity and substrate specificity of assembly lines need to be developed. Molecular dynamics simulations are emerging as a powerful approach to understand the specificity of enzymes related to assembly lines [95] and tailoring enzymes [61, 96] . However, while it remains to be seen whether such in silico methods can be applied to understand and alter the specificity of PKS/NRPS assembly lines themselves, the complex dynamics and protein-protein interactions have hampered effective computational modeling. At the same time, the application of evolutionary strategies [29, 103] to engineer the activity and specificity of assembly lines has been hindered by a lack of suitable high-throughput screens. Clever systems based on yeast cell surface display [23, 153] or perhaps PACE [30] offer the potential to screen the activity of very large combinatorial libraries of mutants. Yet, these platforms need to be adapted to a wide variety of assembly line functions, and evolved components need to be tested in the context of the complete assembly line. High-throughput screens or selections that detect the final product of an assembly line pathway will allow the identification of mutants that are able to process non-natural substrates to the fully mature natural product. Notably, although selections have been used to guide the engineering of chimeric assembly lines and pathways [39, 80, 81] , this approach requires that the distinct antibiotic activity of the desired natural product(s) is already known. Genetically encoded biosensors [31] may prove useful general tools for screening libraries of mutant or chimeric assemble lines. For example, an evolved transcription factor biosensor based on AraC was used to screen a library of 2-pyrone synthase mutants, resulting in the identification of a variant that displayed a 19-fold improvement in catalytic efficiency [119] . Genetically encoded biosensors with tailored ligand specificities towards medicinally relevant natural products could have a unifying vertical impact on assembly line engineering and synthetic biology. For example, biosensors that respond to a desired target polyketide or non-ribosomal peptide could enable (1) high-throughput approaches to metabolic engineering [105] ; (2) combinatorial gene cluster refactoring [110] in a variety of hosts; (3) directed evolution of assembly lines, tailoring enzymes, or entire pathways, and (4) identification of novel enzyme functions from metagenomic libraries.
Summary
In summary, advances in structural and mechanistic enzymology have provided much insight into the function of and ability to engineer PKS and NRPS assembly lines. In the absence of structure, our understanding of the complex protein-protein interactions orchestrated by assembly lines is beginning to improve via the application of chemical tools. With emerging knowledge in hand, the potential modularity of assembly line components might be enhanced. In the meantime, strategies that leverage the substrate promiscuity of assembly line components continue to enjoy success. Advances in high-throughput screening, in silico modeling, and synthetic biology approaches will be the catalyst for engineering assembly lines and diversifying natural products. Ultimately, the future of natural product diversification and the discovery of new therapeutics using biosynthetic assembly lines are highly promising.
